, yielding more heavily sialylated bi-and triantennary forms. The mechanism(s) by which glycosylation at one sequon influences N-glycan processing at a distant sequon on the same glycoprotein remains to be determined.
Introduction
N-glycosylation is a very important posttranslational protein modification that can modulate biological activity, clearance rate, solubility, protease resistance, secretion rate, and immunogenicity (Varki, 1993) . Even a highly purified preparation of a single specific glycoprotein typically consists of a set of glycosylated variants (i.e., glycoforms) that can be heterogeneous with regard to the number of sites (i.e., sequons) that are occupied with N-glycans (i.e., macroheterogeneity) and the types of glycan structures present at each sequon (i.e., microheterogeneity).
Rabies virus glycoprotein (RGP) from the EvelynRokitnicki-Abelseth strain is a 505-amino-acid type I membrane glycoprotein containing a 44-amino-acid cytoplasmic tail and a 22-amino-acid transmembrane domain (Fishbein and Robinson, 1993; Wunner et al., 1988) . RGP is the only surface-exposed viral coat protein; it assembles into trimers (Gaudin et al., 1992) in the endoplasmic reticulum (Langevin et al., 2002) , and its ectodomain then protrudes from the lipid envelope. RGP is the viral attachment protein responsible for host cell receptor recognition (Tuffereau et al., 1998) and for low pH-induced fusion of the viral envelope with endosomal membranes (Gaudin et al., 1993) . Moreover, it is the primary target of the host humoral (Cox et al., 1977; Wiktor et al., 1973) and cellular immune responses (Celis et al., 1988; Macfarlan et al., 1986) . RGP can assume at least three different conformational states (Gaudin et al., 1993) : the native state (N) present at the viral surface and responsible for receptor binding, the activated hydrophobic state (A) required for the interaction of RGP with its target membrane during fusion, and the fusion inactive conformation (I) (Maillard and Gaudin, 2002) .
Appropriate glycosylation of RGP is important for its proper expression and function. The 439-amino-acid extracellular domain has three potential N-linked glycosylation sequons at Asn 37 , Asn 247 , and Asn 319 (Anilionis et al., 1981) ; the latter two are efficiently core glycosylated (Shakin-Eshleman et al., 1992) . Indirect immunofluorescence studies in transfected Lec1 mutant Chinese hamster ovary (CHO) cells demonstrated that Asn 247 and/or Asn 319 permitted high levels of surface expression; the inefficient core glycosylation at Asn 37 was still sufficient to support low levels of surface expression. Deletion of all three sequons completely blocked cell surface expression of RGP (Shakin-Eshleman et al., 1992) .
The presence or absence of the transmembrane and cytoplasmic domains did not affect the efficiency of core N-glycosylation at any sequon, whereas more extensive C-terminal deletions of the extracellular domain decreased the efficiency of core glycosylation at Asn 319 in an in vitro cell-free transcription/translation/glycosylation system (Shakin-Eshleman et al., 1993) . A soluble form of RGP containing all three sequons (i.e., RGP[wild type, WT]T434) was highly expressed and efficiently secreted by transfected CHO cells; in addition, it was appropriately antigenic and immunogenic (Wojczyk et al., 1995) . Similar to full-length RGP (i.e., RGP [WT] ), RGP(WT)T434 assembled into homodimers and homotrimers (Wojczyk et al., 1995) . RGP(--3)T434, a soluble form of RGP, which only contains the sequon at Asn 319 , was also efficiently secreted by CHO cells (Wojczyk et al., 1998) . Finally, a large-scale purification method was developed that enabled the purification of significant amounts of an affinity-tagged soluble form of RGP (Wojczyk et al., 1996) . Given the importance of N-glycosylation for the proper folding, assembly, transport, cell surface expression, secretion, and antigenicity of glycoproteins, and given the availability of this purification method, we decided to examine the N-glycan structures on soluble, secreted forms of RGP.
The complete analysis of N-glycans bound to individual sequons is a difficult analytical task, involving several techniques, including an efficient purification procedure, isolation of specific glycopeptides, efficient release of N-glycans, and multiple glycan separation and analysis techniques. The latter can include lectin affinity chromatography, 2D proton nuclear magnetic resonance, various methods of mass spectrometry, and anion exchange, size exclusion, and reversed-phase highperformance liquid chromatography (HPLC), all performed in combination with various fragmentation methods, such as methylation analysis or exoglycosidase treatment.
The current study directly examined whether N-glycosylation of one sequon influenced glycosylation of a second sequon present in the same molecule. Initially, we studied several full-length RGP glycosylation mutants generated by site-directed mutagenesis and expressed by CHO cells; the degree of N-glycan processing at specific sequons was assessed by endoglycosidase H (Endo H) digestion. To confirm our results demonstrating differential N-glycan processing at specific sequons, we purified two soluble, secreted RGP glycosylation mutants and then isolated specific glycopeptides and analyzed their N-glycan content using a 3D N-glycan mapping technique.
Results

Glycosylation of RGP glycosylation mutants expressed by stably transfected CHO cells
Previous studies demonstrated that RGP(WT) is efficiently expressed in wild-type (Burger et al., 1991) and Lec1 CHO cells (Shakin-Eshleman et al., 1992) . Various glycosylation mutants were also expressed in Lec1 cells, and the pattern of their expression and glycosylation resembles that observed in a cell-free system (Shakin-Eshleman et al., 1992) . Lec1 cells are defective in processing N-glycans, arresting them as Endo H-sensitive, Man 5 GlcNAc 2 structures (Stanley, 1983 ). In Lec1 cells the level of glycosylation at each sequon in RGP was independent of the presence or absence of glycosylation at other sequons in this protein.
In the current study, we examined the effect of glycosylation at one sequon on N-glycan processing at another sequon in the same protein. To this end, plasmids encoding RGP(WT), RGP(-2-), RGP(--3), and RGP(-23) ( Figure 1 ) were cotransfected into wild-type CHO cells along with pSV2neo, as described previously (Wojczyk et al., 1996) . After selection with G418, 10 colonies representing each RGP mutant were isolated and propagated. Colonies exhibiting long-term growth were screened by immunoprecipitation and sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) for RGP expression. One colony representing each glycosylation mutant was cloned by a single round of limiting dilution to isolate subclones (data not shown). Clonal cell lines expressing each of the glycosylation mutants were metabolically labeled, and recombinant forms of RGP were immunoprecipitated from detergent cell lysates using rabbit polyclonal anti-rabies virus antiserum. Labeled RGP mutants were analyzed by SDS-PAGE and quantified using a phosphorimaging technique ( , and Asn 319 (sites 1, 2, and 3). The number in parentheses indicates the presence of a glycosylation sequon; the dash indicates the deletion of the corresponding sequon. For example, in RGP(--3), the sequons at Asn 37 and Asn 247 were deleted by site-directed mutagenesis. The mutant RGP proteins are described using the same nomenclature as their corresponding plasmids (e.g., pRGP(--3) encodes RGP(--3)). Black bar, sequon present; white bar, sequon deleted; bar with horizontal line, transmembrane domain; cross-hatched bar, sequon present, but not efficiently glycosylated in vivo; hatched bar, cytoplasmic tail; zigzag, hexahistidyl tag. The designation T441His indicates that this is a termination mutant, constructed by inserting a stop codon by mutagenesis, which encodes 441 amino acids, including the hexahistidyl tag. (-23) molecule are either all highmannose or all of complex type. In summary, wild-type CHO cells appear to differentially process the N-glycans at the Asn 247 and Asn 319 sequons in RGP(-2-) and RGP(-3), respectively. In addition, the presence of both sequons in RGP(-23) appears to affect their N-glycan processing, suggesting that the presence of an N-glycan at one sequon may influence processing at another sequon. However, it is also possible that these results are due to the effects of N-glycosylation on the folding, intracellular trafficking, and cell surface expression of these forms of RGP. Indeed, some of our previous studies demonstrated that when these forms of RGP reach the cell surface, they are completely Endo Hresistant (Wojczyk et al., 1995) . Therefore, to investigate this issue further, we constructed soluble, secreted forms of RGP (see later discussion). In this case, the secreted forms will be mature and the N-glycans will be processed to their full extent.
Expression and purification of RGP(WT)T441His and RGP(--3)T441His
The cDNA encoding the RGP(WT)T434 termination mutant was previously modified by introducing a hexahistidyl tag (Wojczyk et al., 1996) . The resulting protein, RGP(WT) T441His, contains 441 amino acids, lacks transmembrane and cytoplasmic domains, and has a 7-amino-acid long C-terminal affinity tag (Figure 1 ). The pRGP(−3)T441His plasmid was obtained similarly by introducing a hexahistidyl tag into the pRGP(--3)T434 termination mutant (Shakin-Eshleman et al., 1992 , 1993 . RGP(--3)T441His has a single glycosylation sequon at Asn 319 ( Figure 1 ). After transfection of pRGP(--3)T441His into wild-type CHO cells, as previously described (Wojczyk et al., 1996) , and selection with G418, 10 colonies were isolated, all of which exhibited long-term growth. Each colony was then screened for secretion of soluble RGP(--3)T441His. Two colonies demonstrating high levels of secretion were expanded and cloned by a single round of limiting dilution (data not shown).
To demonstrate that affinity-tagged, secreted RGP(-3) T441His assembles appropriately, chemical cross-linking was performed, as described previously (Wojczyk et al., 1996) . To this end, conditioned medium from CHO cells secreting RGP(--3)T441His, which was metabolically labeled with [ 35 S]methionine, was harvested and treated with two different concentrations of ethylene glycol bis[succinimidylsuccinate] (EGS). Following immunoprecipitation and SDS-PAGE, monomers, dimers, and trimers were observed in the presence of EGS, and only monomers were seen in the absence of this cross-linker (data not shown). This is consistent with results obtained previously for RGP(WT)T434 and RGP(WT)T441His (data not shown; Wojczyk et al., 1996) . For additional verification, the conditioned medium was also immunoprecipitated with three different monoclonal antibodies (i.e., 523-11, 509-6, and 62-80-6) recognizing several nonoverlapping, conformational epitopes on RGP Flamand et al., 1980; Lafon et al., 1983; Prehaud et al., 1988; Seif et al., 1985; Smith et al., 1984) . Each antibody was able to immunoprecipitate similar quantities of RGP(WT)T441His and RGP(--3)T441His, suggesting that these epitopes are present in an immunologically relevant conformation on both mutants (data not shown). The same method was previously used to assess the presence of conformational epitopes of multiple different RGP mutants (Wojczyk et al., 1998) .
To purify preparative quantities of both RGP(WT) T441His and RGP(--3)T441His, we used a scaled-up version of a previously described purification scheme (Wojczyk et al., 1996) . A Ni(II)-NTA-agarose column was first used to adsorb recombinant protein from 5 L of conditioned medium. This provided the opportunity to not only partially purify the RGP mutants but also reduce the sample volume significantly. The fractions eluted from the Ni(II)-NTA-agarose column were then loaded onto an immunoaffinity column. The bound proteins were eluted and dialyzed against distilled water. SDS-PAGE and protein staining of these samples only demonstrated the presence of purified RGP (data not shown). Western blotting using rabbit anti-rabies polyclonal antibody revealed the same results (data not shown; Wojczyk et al., 1996) . This purification procedure yielded ∼ 9 mg and 3 mg of purified RGP(WT)T441His and RGP(--3)T441His, respectively. 5) , RGP(--3) (lanes 6, 7) and RGP(-23) (lanes 8, 9) were metabolically labeled and RGP in the cellular detergent lysates was immunoprecipitated, as described in Materials and methods. The immunoprecipitates were incubated with Endo H (A, lanes 3, 5, 7, 9) or buffer alone (A, lanes 2, 4, 6, 8). Alternatively, immunoprecipitates were incubated with PNGase F (B, lanes 3, 5, 7, 9) or buffer alone (B, lanes 2, 4, 6, 8). Immunoprecipitates were separated by SDS-PAGE on 10% gels and visualized by autoradiography. The results were also quantified using a phosphorimaging technique. Lane 1 contains a size marker, RGP(WT), which was obtained by cell-free transcription/translation in a rabbit reticulocyte lysate system containing [ 35 S]methionine in the absence of dog pancreatic microsomes; this translation product was electrophoresed without prior immunoprecipitation. The position of nonglycosylated, full-length RGP(WT) containing its signal sequence is indicated by an arrow.
Trypsin digestion and glycopeptide isolation
To separate and isolate peptides containing individual Nglycosylation sites, the RGP amino acid sequence was analyzed using computer software to choose a digestion method that would provide conditions resulting in separate, individual glycopeptides containing either site 2 (i.e., Asn 247 ) or site 3 (i.e., Asn 319 ). Moreover, the resulting peptides needed to be sufficiently different to ensure their efficient separation by HPLC. To this end, trypsin was predicted to digest these mutated RGP proteins in 46 places, generating numerous peptides, including the following: LMDGTWVAMQTSNETK and AYTIFNK, which contain glycosylation sites 2 and 3, respectively. This prediction was verified by the analytical HPLC separation shown in Figure 3 . The use of metabolic labeling to trace-label the RGP N-glycans with [ 3 H]mannose enabled the identification of the glycopeptide-containing HPLC fractions by the use of liquid scintillation counting. Multiple semipreparative runs of the tryptic digests obtained with RGP(WT)T441His and RGP(--3)T441His were performed on the same column, following which the relevant peaks from each separation were pooled. Peptide sequencing demonstrated that for RGP(WT)T441His, fraction 28 contained the AYTIFNK glycopeptide (i.e., site 3) and fraction 34 contained the LMDGTWVAMQTSNETK glycopeptide (i.e., site 2); in addition, for RGP(--3)T441His, fraction 29 contained the AYTIFNK glycopeptide (site 3) (Figure 3 ). This approach was used to prepare glycopeptides for N-glycan isolation from 7 mg and 2.25 mg of RGP(WT)T441His and RGP(--3)T441His, respectively.
N-glycan release and separation by three successive HPLC steps
The N-glycans from the three different glycopeptides (sites 2 and 3 from RGP(WT)T441His and site 3 from RGP(--3) T441His) were released by digestion with glycoamidase A and then derivatized with 2-aminopyridine. The pyridylamino (PA)-derivatized N-glycans were initially separated by anion exchange HPLC into four fractions: neutral N-glycans and mono-, di-, and tri-sialyl N-glycans (Figure 4) . The relative molar compositions of these four fractions for each of the three samples are shown in Table I .
The purified neutral, mono-, di-, and trisialylated PAoligosaccharide fractions were individually separated by reversed phase HPLC ( Figure 5 ). Each separated fraction was then applied to an amide column. As a result, one neutral, one mono-, one di-, and three different trisialyl N-glycans were identified.
Structural characterization of PA-oligosaccharides using the 2D mapping technique
Structural assignment of all of the N-glycans from the RGP glycopeptides was performed by a 2D mapping technique, described previously (Takahashi et al., 1995b) . The coordinates of all of the N-glycans from the RGP glycopeptides coincided on the map (± 5%) with those of known oligosaccharide standards. The resulting neutral, mono-S, di-S, tri-a, tri-b, and tri-c PA-oligosaccharides were assigned as code numbers 210.4, 1A3-210.4, 2A4-210.4, 3A2-310.18, 3A4-300.8, and 3A4-310.8, respectively (Table II) . Cochromatography, before and after exoglycosidase digestion, on reversed-phase and amide columns of each of the RGP PAoligosaccharides with the corresponding reference compounds confirmed these assignments.
Discussion
Various factors affect the glycosylation of individual sequons in glycoproteins. Some influence the efficiency of core N-glycosylation, and others influence processing of N-glycans into a variety of oligosaccharide structures. Factors directly affecting core N-glycosylation efficiency include the nature of the amino acid occupying the X position in the Asn-X-Ser/Thr sequon (Kasturi et al., 1997; Shakin-Eshleman et al., 1996) , the amino acid sequence surrounding the sequon (Mellquist et al., 1998) , the speed of translocation and the presence of translocation stop signals (Nilsson and von Heijne, 2000; Schroder et al., 1999) , the presence of other sequons in the glycoprotein (Doyon et al., 2002) , the position of the sequon relative to the NH 2 terminus (Livi et al., 1991) and the COOH terminus (Nilsson and von Heijne, 2000; Shakin-Eshleman et al., 1993) , the distance between the sequon and the ribosomal P-site (Whitley et al., 1996) , and the presence of a glycosylphosphatidylinositol anchor (Walmsley et al., 2001; Walmsley and Hooper, 2003) . N-glycan processing can be affected by some of these factors in addition to the presence of chaperones and other folding enzymes (Parodi, 2000; Trombetta and Helenius, 1998) , the rate of trafficking through the secretory pathway, the accessibility of the N-glycans to various glycosidases and glycosyltransferases, and the repertoire of glycosidases and glycosyltransferases present in the cell (Roth, 2002; Trombetta and Parodi, 2003) . Finally, N-glycan processing can be modified by the level of expression of a glycoprotein in a given cell, particularly if a recombinant glycoprotein is expressed at very high levels (Jenkins et al., 1996) . The current study examines whether N-glycosylation at one sequon in RGP influences N-glycan processing at another sequon in the same molecule.
Our earlier studies investigated core N-glycosylation efficiency at individual sequons in RGP. Most of these studies used simplified systems based on in vitro cell-free transcription/translation/glycosylation of RGP glycosylation mutants constructed by site-directed mutagenesis. For example, in vitro transcription/translation of RGP(WT) in the presence of dog pancreatic microsomes followed by Endo H digestion confirmed that RGP(WT) was core glycosylated with high-mannose N-glycans (Shakin-Eshleman et al., 1992) . These microsomes support proteolytic cleavage of the amino-terminal signal sequence and core glycosylation at N-linked glycosylation sequons; however, they do not support the type of processing required to produce hybrid and complex type N-glycans (Walter and Blobel, 1983) . For example, this type of evaluation with RGP(1--) resulted in a major band consistent with an unglycosylated version of RGP and a minor species consistent with the addition of a single N-glycan, suggesting that Asn 37 is inefficiently glycosylated (Shakin-Eshleman et al., 1992) . All mutants containing one or two of the remaining two sequons normally present in RGP, such as RGP(-2-), RGP(--3), and RGP(-23) yielded a single major band consistent with the efficient glycosylation of both Asn 247 and Asn
319
, respectively (Shakin-Eshleman et al., 1992) . When RGP(WT) was expressed in wild-type CHO cells, it was almost completely (90%) Endo H-resistant, consistent with the presence of complex type N-glycans. When expressed in Lec1 cells (a CHO cell line defective in the processing of N-linked oligosaccharides), recombinant RGP(WT) was completely Endo H-sensitive, consistent with the presence et al., 1992) . Immunofluorescence experiments demonstrated that high levels of cell surface expression of RGP in Lec1 cells occurred only when Asn 247 and/or Asn 319 were present, implying that N-glycosylation was required for appropriate folding and trafficking of this protein (ShakinEshleman et al., 1992) . In conclusion, in both systems, the efficiency of N-glycosylation at individual sequons did not depend on the presence or absence of glycosylation at other sequons in RGP. This may be due to the occurrence of core N-glycosylation during translocation of a nascent polypeptide across the endoplasmic reticulum membrane when folding is not yet complete and when all sequons are not simultaneously accessible to the oligosaccharyltransferase.
Although the in vitro cell-free transcription/translation/ glycosylation system provides simplicity, rapidity of analysis, and ease of manipulation, it does not support N-glycan processing. Thus it does not allow studies of the effects of protein sequence, structure, and folding on N-glycan processing. Therefore, we used CHO cells expressing various RGP glycosylation mutants to examine the effects of Nglycosylation at one sequon on the type of N-glycan processing at another sequon. Thus cell-associated RGP(WT) expressed by wild-type CHO cells is 90% Endo H-resistant (Figure 2 ), whereas it was completely Endo H-sensitive when expressed in Lec1 cells (Shakin-Eshleman et al., 1992) . Interestingly, when expressed in wild-type CHO cells, 90% of RGP(-2-) contains a high-mannose type Nglycan, indicating that in the absence of other sequons, the N-glycan at Asn 247 is not efficiently processed. In addition, when only Asn 319 was present in RGP(--3), only 65% of the N-glycans underwent processing to complex type. Finally, when both Asn 247 and Asn 319 were present in RGP(-23), 87% of the N-glycans were Endo H-resistant, a virtually identical result to that found with RGP(WT). These findings identify the basic similarities and differences between the results obtained using an in vitro cell-free system and a cellular expression system. Hence, the efficiency of core N-glycosylation at individual RGP sequons did not depend on the presence or absence of glycosylation at other sequons, whereas Nglycosylation of one sequon influenced N-glycan processing at another sequon on the same protein. In addition, when the sequons at either Asn 247 or Asn 319 are present alone in RGP, the N-glycans at these sites are processed differently.
To confirm these observations regarding site-specific N-glycan processing, additional experiments using more advanced carbohydrate analysis methods were required. Because it is very difficult to isolate full-length transmembrane forms of RGP in sufficient amounts and with the required purity, our focus turned toward constructing soluble, secreted forms of RGP. In addition, recombinant soluble forms of RGP bear a resemblance to a naturally existing soluble form of RGP, denoted G s , which is produced in rabies virus-infected cells by proteolytic cleavage of RGP following its insertion into the cell membrane. The G s form contains the entire extracellular RGP domain, lacks the cytoplasmic tail and most of the transmembrane domain, and retains full antigenicity Wunner et al., 1983) . By inserting a stop codon into the extracellular domain of RGP, we previously showed that deletion of the cytoplasmic tail, transmembrane domain, and six amino acids of the extracellular domain of RGP (i.e., the T434 form) did not affect the efficiency of core N-glycosylation (Shakin-Eshleman et al., 1993) . However, more extensive C-terminal deletions of the extracellular domain (i.e., the T387 and T345 forms) did diminish the efficiency of core N-glycosylation at Asn 319 (Shakin-Eshleman et al., 1993); therefore, these mutants were not considered further as candidates for purification and carbohydrate analysis. We then showed that when RGP(WT)T434 was secreted by wild-type CHO cells, it was Endo H-resistant and Peptide N-glycosidase F (PNGase F)-sensitive, proving that it did not contain high-mannose type N-glycans. In contrast, the cell-associated form of RGP( WT)T434 produced by wild-type CHO cells was completely sensitive to both endoglycosidases, demonstrating the presence of only highmannose type N-glycans (Wojczyk et al., 1995) . Furthermore, using glycosylation inhibitors, we revealed that core glycosylation of RGP(WT)T434, as well as removal of all three glucose residues, are necessary and sufficient for efficient secretion. Nonetheless, further N-glycan processing, from high-mannose to complex type N-glycans, was not required for secretion (Wojczyk et al., 1995) . Similar results Neutral GalβGlcNAcβ2Manα6 F u c α6
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Tri-sialyl were obtained for cell surface expression of membraneanchored, full-length RGP(WT) (Wojczyk et al., 1995) . Additional experiments demonstrated that N-glycosylation of at least Asn 319 is required for secretion of T434 forms of RGP. Because only RGP(WT)T434 and RGP(--3)T434 are secreted by CHO cells (Wojczyk et al., 1998) , we were not able to analyze the oligosaccharide present on Asn 247 in RGP(-2-)T434. Therefore the current study was compared the N-glycan structures at Asn 247 and Asn 319 in RGP(WT)T441His with the N-glycans at Asn 319 in RGP(--3) T441His. The use of hexahistidyl tagged forms of RGP permitted facile purification of significant amounts of secreted, soluble forms of these proteins; in addition, these affinitytagged forms of RGP oligomerize appropriately and are appropriately antigenic (Wojczyk et al., 1996; present study) .
Analysis of the N-glycan composition at the Asn 247 and Asn 319 sequons of secreted forms of RGP revealed the presence of core fucosylated, bi-and triantennary complex type N-glycans at each site. However, on RGP(WT)T441His, Asn 247 contains 50% as many neutral glycans, 37% more monosialylated glycans, and 24% fewer disialylated glycans when compared with the N-glycans at Asn 319 present on the same molecule. Moreover, Asn 319 on RGP(--3)T441His contained 30% more neutral, 28% more monosialylated, and 33% fewer disialylated glycans than Asn 319 on RGP (WT)T441His. In addition, no triantennary or trisialylated N-glycans were detected at Asn 319 on RGP(--3)T441His. These results suggest that the presence of N-glycans at Asn 247 significantly affects N-glycan processing at Asn 319 , leading to increased amounts of more highly sialylated biand triantennary complex type N-glycans at the latter site.
How N-glycosylation at one sequon influences N-glycan processing at a distant site on the same glycoprotein remains to be determined. One can speculate that the absence of N-glycans at Asn 247 affects the overall structure of RGP, which modifies the exposure of Asn 319 to N-glycan modification enzymes in the secretory pathway, resulting in differences in N-glycan structure. Because appropriate glycosylation is important for the proper folding, assembly, secretion, function, and antigenicity of glycoproteins, our finding has practical implications for the production of therapeutic recombinant glycoproteins. Moreover, the glycosylation variants generated in the current study will help characterize the role of site-specific N-glycosylation in the immunogenicity of RGP, and these variants may be suitable for crystallization, which would elucidate the contributions of these specific glycans to the 3D structure of RGP.
Few studies have directly addressed the influence of N-glycosylation at one sequon on N-glycan processing at another sequon in the same protein. For example, to our knowledge, this phenomenon has only been described once before: Pfeiffer et al. (1994) found that insertion of a novel sequon at Asn 58 in human tissue plasminogen activator influenced N-glycan processing at Asn 117 on the same protein. In contrast, insertion of a new sequon at Asn 67 on this protein had no effect on N-glycan processing (Pfeiffer et al., 1994) . Similarly, Ashford et al. (1993) found that N-glycosylation at one of the two sequons (i.e., Asn 159 and Asn 270 ) in recombinant, soluble rat CD4 did not influence N-glycan processing at the other sequon in the same molecule. Likewise, the addition or deletion of existing or novel sequons on the alpha-subunit of human chorionic gonadotropin had no effect on N-glycan processing at other sites on this protein (Furuhashi and Suganuma, 2003) . Although the mechanism by which N-glycosylation at one sequon may or may not influence N-glycan processing at a distant sequon on the same glycoprotein remains to be determined, the availability of these RGP mutants will be useful for these types of studies.
Materials and methods
Construction of RGP glycosylation and termination mutants
The RGP glycosylation mutants lack one or more glycosylation sequons (Figure 1) . The termination mutants lack the transmembrane domain, the cytoplasmic domain, and six amino acids N-terminal to the transmembrane domain, which are replaced by six histidines and one glycine (Figure 1 ). The plasmids encoding glycosylation mutants pRGP(-2-), pRGP(--3), and pRGP(-23) were constructed by site-directed mutagenesis of pRGP(WT), as described (Shakin-Eshleman et al., 1992) . The pRGP(WT)T441His plasmid was described previously (Wojczyk et al., 1996) ; the pRGP(--3) T441His plasmid was constructed similarly (Wojczyk et al., 1996) .
Stable transfection and cell culture
CHO cells (Pro-5) were obtained from the American Type Culture Collection (Rockville, MD). Methods for transfection, selection, evaluating RGP expression, and isolating clonal cell lines were described in detail previously (Burger et al., 1991; Shakin-Eshleman et al., 1993; Wojczyk et al., 1995) .
Metabolic labeling
Dishes (100 mm) of washed, 80% confluent cells were incubated in 5 ml methionine-free complete Dulbecco's modified Eagle's medium, containing 50 µCi of [ 35 S]methionine (Amersham, Arlington Heights, IL) and 2.2 µg/ml sodium bicarbonate, 10% fetal bovine serum, 2 mM L-glutamine, and 100 µg/ml penicillin and streptomycin. After 4 h at 37°C, the cells were washed with ice-cold phosphate buffered saline (PBS; 100 mM Na 2 HPO 4 /NaH 2 PO 4 , 150 mM NaCl, pH 7.4) containing 200 µg/ml phenylmethylsulfonyl fluoride (PMSF); scraped; washed with ice-cold PBS/ PMSF; resuspended in 100 µl of 50 mM Tris, pH 7.5, 150 mM NaCl, 5 mM ethylenediamine tetra-acetic acid (EDTA), pH 7.4, containing 0.5% Nonidet P-40 and 200 µg/ml PMSF; incubated on ice for 20 min; and centrifuged at 12,000 × g for 20 min at 4°C.
For purification of secreted forms of RGP, 10 150-mm dishes of washed, 80% confluent cells were incubated for 24 h in 5 ml glucose-free complete Dulbecco's modified Eagle's medium containing 500 µCi of [ 3 H]mannose (NEN, Boston, MA). The conditioned medium was centrifuged at 5000 rpm for 20 min and combined with unlabeled conditioned medium for subsequent purification.
Immunoprecipitation and analysis of radiolabeled proteins
Rabbit polyclonal anti-rabies virus antiserum (Wojczyk et al., 1998) (1:100 final dilution) and 20 µl of a 50% slurry of Protein A beads were added to 100 µl of cell lysate and incubated for 3 h at 4°C. The beads were washed three times for 10 min at 4°C with 15 mM Tris, pH 7.5, 0.5 M NaCl, 5 mM EDTA, containing 1% Nonidet P-40. RGP was eluted from the beads into Endo H buffer (60 mM Na 2 HPO 4 /NaH 2 PO 4 , pH 5.5, containing 1% SDS and 200 µg/ml PMSF) or PNGase F buffer (30 mM Na 2 HPO 4 / NaH 2 PO 4 , pH 7.2, 20 mM EDTA). Samples were divided, supplemented with 4 µl Endo H (4 mU) or PNGase F (0.8 U) in the corresponding buffer, or with buffer alone, and incubated for 24 h at 37°C. An additional volume of enzyme was added after 16 h. The samples were then mixed with 5× sample buffer, boiled, and analyzed by SDS-PAGE. After electrophoresis, the gels were visualized by autoradiography or by a phosphorimaging method, as described (Wojczyk et al., 1998) .
Metal-chelate affinity chromatography
For purification of soluble forms of RGP, 170 150-mm dishes of the relevant clonal cell line were plated, each containing 2.2 × 10 6 cells in 30 ml of complete medium. When confluent, the conditioned media were combined and centrifuged at 5000 rpm for 20 min at 4°C. The supernatant was supplemented with 3 M NaCl (1:10 v/v) and PMSF (1:100 v/v) and loaded onto a 2-ml column of Ni(II)-NTAagarose (Qiagen, Chadsworth, CA); the condition medium recirculated for 2 days at a flow rate of 100 ml/h. The column was washed with PBS until the A280 reverted to baseline and the RGP mutant was then eluted with 100 mM imidazole in PBS.
Immunoaffinity chromatography
The hybridoma producing the 62-80-6 anti-RGP mouse monoclonal antibody was the gift of Jean Smith (Centers for Disease Control and Prevention, Atlanta, GA) (Smith et al., 1984) . Monoclonal antibody purification was described previously (Wojczyk et al., 1996) . An immunoaffinity column was prepared using the 62-80-6 monoclonal antibody (190 mg), 10 ml Protein G-agarose (Gibco-BRL, Grand Island, NY), and the dimethylpimelimidate crosslinker (Sigma, St. Louis, MO), as described (Wojczyk et al., 1996) .
A 32-ml sample containing a soluble RGP mutant partially purified by metal-chelate affinity chromatography was diluted 1/1 (v/v) with 50 mM Tris-HCl, pH 7.5, and loaded onto the immunoaffinity column (2 ml bed volume). The sample recirculated overnight at a flow rate of 60 ml/h. The column was washed with 10 volumes of 10 mM Tris-HCl buffer, pH 7.5 and the A280 reverted to baseline. Bound protein was eluted with 100 mM glycine-HCl, pH 3.0, and 4-ml fractions were collected into tubes containing 1 ml 0.5 M Tris-HCl, pH 7.5. Protein-containing fractions were dialyzed against distilled water using a 10-kDa molecular cutoff Micro-ProDiCon membrane (Spectrum, Houston, TX). The purity of the resulting samples was analyzed by SDS-PAGE.
Western blotting
Proteins separated by 10% SDS-PAGE were transferred to nitrocellulose (Towbin et al., 1979) , which was blocked with PBS containing 5% bovine serum albumin and incubated with a 1:100 dilution of rabbit polyclonal anti-rabies virus antiserum (Wojczyk et al., 1995) for 1 h at 4°C. Horseradish peroxidase-conjugated goat anti-rabbit antibody (1:1000 dilution) was the secondary antibody and the membrane was developed with 4-chloro-1-napthol (Sigma).
Trypsin digestion
Seven milligrams and 2.25 mg of RGP(WT)T441His and RGP(--3)T441His, respectively, were each evaporated to dryness, dissolved in 255 µl 6 M guanidine-HCl, 0.35 M Tris-HCl, pH 8.4, containing 2.5 mM Na 2 EDTA, and transferred to glass tubes. Freshly prepared 1 M dithiothreitol in distilled water (12 µl) was added; the tubes were sealed under nitrogen and incubated for 60 min at 50°C. After cooling to room temperature, the samples were carboxymethylated with 27.3 µl of freshly prepared 1 M sodium iodoacetate in distilled water at room temperature for 30 min in the dark. The reaction was halted by adding 6 µl 1 M dithiothreitol. The samples were desalted on a PD-10 column containing Sephadex G-25 (Pharmacia Biotech, Uppsala, Sweden) using 50 mM Tris-HCl, pH 8.1, containing 1 mM CaCl 2 . Each sample (450 µl) was digested for 2 h at 37°C using 20 µl trypsin (1 g/ml) (TPCK-treated trypsin, Worthington Biochemical, Freehold, NJ). The reaction was stopped by adding 20 µl 1 M HCl at 4°C.
HPLC
A Waters 625 liquid chromatograph system with two pumps, a tunable absorbance detector, and a Rheodyne 9125 Injector, was used. Tryptic digests (500 µl) were injected onto a 3.9 × 150 mm C18 (5 µm) 300 Å Delta Pak reversed-phase column (Millipore Waters Chromatography) at 25°C and eluted with a 0-50% gradient of acetonitrile in 0.1 M phosphate buffer, pH 2.2 (Rosner and Robbins, 1982) . Samples (0.5 ml) were collected at a flow rate of 0.5 ml/min. The radioactivity in each sample was monitored by liquid scintillation counting. Fractions containing radioactivity were diluted three times with distilled water and adsorbed onto a prewashed Sep-Pak Plus C18 cartridge (Waters, Milford MA). The cartridge was then washed with 5 ml distilled water; the peptides were eluted with 50% acetonitrile and concentrated by evaporation. Aliquots of purified peptides were analyzed by peptide sequencing.
Peptide sequencing
The purified tryptic peptides were sequenced on an Applied BioSystems 494 instrument using the manufacturer's protocols. Briefly, Biobrene coated glass fiber filters were dried under argon gas, loaded onto the reaction cartridge, and cleaned and conditioned by running several cycles of the filter precycle. Approximately 20 pmoles of sample dissolved in 0.1% trifluoroacetic acid was loaded onto the membrane, dried under argon, and loaded, and the standard protocol was commenced. After each cycle, the liberated phenylthiohydantoin amino
